AnSTRACT: The nearshore slope of Oahu consists of a shallowly dipping shelf extending from the shoreline out to the --20 m contour, where there is a sharp break in slope down to --30 m. Limestones recovered in a series of short cores taken from this nearshore terrace are typical of shallow-marine reef environments and comprise either a branching-coral or massive-coral facies. The composition as well as shoreward zonation of facies suggests that the terrace represents an in situ fossil reef complex. Th-U ages of in situ corals are all Pleistocene and suggest that the bulk of the feature formed during marine oxygen isotope stage 7. Later accretion along the seaward front of the terrace occurred during marine oxygen isotope substages Sa and/or Sc. Deposition during these interglacial highstands has not previously beeu documented in the sea-level record on Oahu.
AnSTRACT: The nearshore slope of Oahu consists of a shallowly dipping shelf extending from the shoreline out to the --20 m contour, where there is a sharp break in slope down to --30 m. Limestones recovered in a series of short cores taken from this nearshore terrace are typical of shallow-marine reef environments and comprise either a branching-coral or massive-coral facies. The composition as well as shoreward zonation of facies suggests that the terrace represents an in situ fossil reef complex. Th-U ages of in situ corals are all Pleistocene and suggest that the bulk of the feature formed during marine oxygen isotope stage 7. Later accretion along the seaward front of the terrace occurred during marine oxygen isotope substages Sa and/or Sc. Deposition during these interglacial highstands has not previously beeu documented in the sea-level record on Oahu.
Although the diagenetic record in the cored samples is incomplete, three periods of diagenesis are identified: early shallow marine, meteoric, and post-meteoric shallow marine. Early shallow-marine diagenesis includes cementation by aragonite and Mg calcite in an active marine phreatic zone and predominantly micritization in a stagnant marine phreatic zone. Meteoric processes occurred in the vadose zone and include precipitation of calcite (needle fibers, meniscus cements, micritic networks), neomorphism, and dissolution. All limestones are now in an active marine phreatic zone. Evidence of post-meteoric shallow-marine diagenesis is found in last-generation Mg calcite cements and internal sediments occurring directly on limestone substrates that have otberwise been stabilized to calcite. The present seafloor is undergoing extensive biological and physical erosion. No Holocene limestones were recovered. Petrographic and geochemical signatures of subaerial exposure and meteoric diagenesis are recognized within the upper several centimeters of all cores. Thus, the present seafloor in the study area is a flooded Pleistocene subaerial exposure surface.
INTRonUCTION
The islaud of Oahu ( Fig. 1 ) has heen important in late Quaternary sealevel studies (e.g.. Veeh 1966; Ku et al. 1974) . Oahu contains an extensive and complex sedimentary carbonate record in the fonn of emerged and submerged shorelines (preserved intertidal notches) and shelves (coral and coralline algal reef complexes) (cf. Steams 1946 Steams . 1978 . Following the work of Stearns, investigations of carbonates on Oahu have focused, almost exclusively. on radiometric dating of emerged marine deposits in order to establish and constrain the timing of Quaternary interglacial sea levels (e.g., Veeh 1966; Ku et al. 1974; Muhs and Szabo 1994; Szabo et al. 1994; Fletcher and Jones 1996; Grossman and Fletcher 1998) . Sedimentologic and petrologic data are an integral component of paleoenvironmental studies, and thus paleo-sea-level interpretations. However, there have been few sedimentary petrologic studies of uplifted carbonates in Hawaii (e.g.. Meyers 1987; Sherman et al. 1993) . In addition, the nearshore submarine record has received very limited study.
The work of Stearns (1974 Stearns ( ,1978 , Coulbourn et al. (1974) . and Fletcher and Sherman (1995) clearly identified morphological features on the submarine slopes of Oahu formed by relative sea levels lower than present. The shallow submarine slope of Oahu is characterized by a stepped topography consisting of broad terraces separated by eroded, vertical scarps hearing intertidal notches and other erosional features typically associated with former shorelines. An understanding of the mode and timing of their formation is absent from our knowledge of the Quaternary history of Oahu. During the late Quaternary, eustatic sea level has fluctuated between -6 m above and -130 m below present sea level (Chappell and Shackleton 1986; Shackleton 1987) . Presumably, these sea-level fluctuations were accompanied by vertical migration of marine and meteoric environments within the nearshore sediments of Oahu. Both of these diagenetic environments can leave characteristic petrographic and geochemical features.
In this paper, we describe depositional facies and report radiometric data that indicate the mode and timing of fonnation of the nearshore terrace.
We also present petrographic and geocbemical evidence of early shallowmarine, meteoric, and post-meteoric shallow-marine diagenesis. In addition, we discuss the exteot to which the sedimentary petrology of these deposits augments our present understanding of near-shore Quaternary environments on Oahu.
GEOLOGIC SETfiNG
Oahu (21°27' N. 158°W) is a high volcanic island within the 3500 km long Hawaii-Emperor island-seamount chain. It is composed primarily of the eroded remnants of two great shield volcanoes. Pleistocene sedimentary carbonates. deposited in subtidal reef to supratidal dune environments. also fonn an important aspect of the geology of tbe island and are more extensive on Oahu than on any other of the main Hawaiian islands.
Oahu has, in the past, been characterized as a "stable tectonic setting"
and suitable for use as a global datum for Quaternary sea levels (e.g., Veeh 1966; Ku et a1. 1974; Stearns 1978; Moore 1987) . However, geophysical investigations (Watts and ten Brink 1989) and analyses of Pleistocene limestones on Oahu (Jones 1993 (Jones , 1994 Muhs and Szabo 1994; Szabo et a1. 1994) indicate that the island has heen undergoing gradual uplift during the late Quaternary attributed to lithospheric flexure associated witb volcanic loading at the Big Island of Hawaii. Elevations and ages of emergent Pleistocene limestones on Oahu indicate tbat Oahu has experienced nearly 30 m of uplift since -500 ka at an average rate of 0.05 to 0.06 m per 1000 years. Our study area lies on the leeward side of Oahu hetween Maili and Kepubi Points. Nearshore topography consists of a shallowly dipping sbelf extending from the shoreline out to the --20 m contour. wbere there is a sharp break in slope down to --30 m, where a deeper terrace hegins. The width of this shelf varies from -0.5 km at Kepuhi Point to -1.8 km at Maili and Waianae. Tbe seafloor consists of lithified limestone with a thin veneer of loose carbonate sand and sparse, patchy occurrences of coral and coralline algal growth. In some areas, a prominent notch is carved into the seaward front of tbe nearshore terrace at --24 m (Fig. 2) . Stearns (1974) named this feature the Kaneohe Shoreline and proposed that it was fonned in tbe late Pleistocene at -80 ka. For purposes of discussion, the nearshore terrace is divided into three zones based on depth and relationship to the present morphology of the terrace (Fig. 3) . These zones are: zone I, the inner part of the terrace, < 10m water depth; zone 2, proximal to the seaward margin of the terrace, 1C>--20 m water depth; zone 3, seaward of the slope break, 20-35 m water depth.
METHODS AND NmtENCLATURE
Cores were collected via a diver-operated Tech 2000 submersible. hydraulic, rotary coring drill with a 7.6 em diameter diamond-studded drill bi!. All cores were collected between -5 and 35 m water depth along -10 km of shoreline on the leeward coast of Oahu, Recovered cores averaged -62 cm in length, with a maximum of 205 Col, The percentage of recovery averaged -90%, Limestones were classified according to Dunham's (1962) scheme as modified by Embry and Klovan (1971) , The cores were sampled for radiomeLric, petrographic, mineralogic, and geochemical analyses. taking care that each lithofacies as well as obvious diagenetic features within a core were sampled, Approximately 50 thin sections were analyzed petrographically. Tenninology for describing microfabrics follows the reconmlendations of Rezak and Lavoie (1993) , Duplicates were made of a portion of the thin sections for stainin. for M. calcite following the method of Choqueue and Trusell (1978) , --Carbonate mineralogy was detemlined with a Scintag Pad V powder Xray diffractometer (XRD) with a solid state Ge detector using Cu Ka radiation. Calcite-ta-aragonite composition ratios were detemuned using a standard curve generated from the peak area ratios (III aragonite peak, 104 calcite peak) of known mixtures of aragonite and calcite (Sabine 1992), The mole percentages of MgCO] of magnesian calcite phases were determined from the offset of the d spacing of the 104 Mg calcite peak from the d spacing of the 104 peak of pure calcite (Bischoff et al. 1983) , The (enn magnesian calcite or Mg calcite refers to those metastable calcites with greater than 5 mole % MgCO" Calcite with less than 5 mole % MgCO, is simply referred to as calcite (cf. Scoffin 1987) . All mineralogic data represent the average of two duplicate analyses.
Major and minor elements (Ca, Mg. Sr. Fe, Mn) also below detection limits, Mg and Sr are used as key indicators of mineralogy of cements in this study, The relative errors are I% for Mg at a measured value of 17 mole % MgCO" 4% for Sf at a measured value of 7000 I'-gJg. and 8% for Fe at a meas~red value of 5000 I'-gJg,
The absolute age of fossil corals was deternlined using the ""Th-"'U-"'U technique, Sample chips were ultrasonically cleaned in ultra-pure reagents and powdered, Only those samples with < 3% calcite (deternlined by XRD) were dissolved for Th and U isotopic analysis and spiked with "'Th and "'u, Techniques for Th and isotopic analysis of corals in the SOEST Isotope Lab are modified after those of Edwards et al. (1986187) , Total procedural blanks for this chemistry were 1-5 pg U and 5-10 pg Th, Analyses were conducted in single-collector ion-counting mode by peakjumping on a VG Sector 54 mass spectrometer outfilled with a WARP abundance sensitivity filter after the magnetic sector and an ion-counting Daly. Linearity of the ion counter is within counting statistics everywhere within the range 10 cpm to 2 X 10" cpm (as determined by analysis of external standards), All ion-counting data is corrected for a Daly Bias of 0.58 Ih/amu relative, Fractionation of U isotopes was calibrated by analysis of external standards (natural U and UO 10), External reproducibility of "'UI'''U is 0,25% prior to fractionation correction and < 0,10% after correction. Precision of fractionation corrected 2J.1ur DS is ---0.10% (standard deviation of 10 measurements),
FACIES

Massil1e-Coral Facies
The massive-coral facies (Fig. 4) may fill voids in the framework as well as constitute entire core sections. The predominant corals are massive colonies of Porites lobala, a coral that in Hawaii is most Common on wave-exposed reef slopes between depthS of 3 and 15 m (Maragns 1977) . Crustose coralline algae are also an important component of the massive-coral facies. where they occur as sheetlike encrustations on the upper surfaces of corals, lining voids in the cnral framework, over previously lithified rudstone, as well as coating larger coral clasts in the rudstones. The encrusting foraminifer Homo/rema is also conunon. Vennetid gastropods and serpnlid worms are present bnt rare. Associated skeletal grainstones and rudstones are composed predominantly of fragments of the framework-fanning corals and coralline algae, as well as reef-associated organisms. soch as mollnsks, echinodenns, and benthic foraminifers. Grains typically range from medium sand through coarse pebbles and are subangular to subrounded. exhibiting poor to moderate sorting. Large clasts are generally encrusted by coralline algae. Mud is also present. but is restricted to protected voids in the framework. The dominance of massive corals (P. lobata) and encrusting algae indicates a shallow, highenergy environment of deposition (cf. James 1983; Tucker and Wright 1990; James and Bourque 1992) . The combination of a grainstone and rudstone matrix with in sitll framework is also common in high-energy settings (cf. Bosence 1985) . The massive-coral facies is found in zones 2 and 3, i.e., along the seaward margin of the terrace. This distribution is consistent with expected zonation of lithofacies in a marginal reef complex, where rudstones and framestones are most common in reef flat, reef crest, and reef front environments (cr. James and Bourque 1992).
Branching-Coral Facies
The branching-coral facies is composed of delicate branching corals, coralline algae, and associated biota set in a lime-mud matrix forming ;/1 sitll bafflestones, floatstones, or wackestones. It is differentiated from the massive-coral facies by its mud-supported fabric and the presence of delicate branching corals, such as PociJiopora damicomis. In Hawaii, this coral is usually found in protected bays or upon the inner parts of large reef flats away from breaking waves (Maragos 1977) . The floatslOnes and wackestunes are generally poorly sorted and contain silt-to pebble-size, angular skeletal clasts, as well as subangular to subrounded peloids, supported by a lime-mud matrix. Grains constitute -10-20% of these limestones. Skeletal grains are predominantly fragments of branching corals and coralline algae, bnt also include mollusks, foraminifers, and echinodenns. Preservation of skeletal components varies from poor to good. Boring, micritization, and micrite envelopes are common. Sand-size peloids, which constitute -20% of the grains in this facies, probably represent micritized skeletal grains. Branching corals and coralline algae are also found in upright, growth position and may have acted as "baffles" trapping finegrained sediment and forming ;/1 situ bafflestones. The presence of delicatebranching corals and dominance of lime-mud matrix indicate a low-energy environment of deposition. The branching-coral facies is found in zone I, along the inner part of the terrace landward of the massive-coral facies. The distribution of the branching-coral facies is consistent with the expected zonation of lithofacies in a marginal reef complex. where bafflestones and ftoatstones are most common in back-reef environments (cf. James and Bourque 1992).
TH-AGES OF PLEISTOCENE CORALS
Absolute 23O'['h_2."U_"'U ages of six nearly pristine (> 97% aragonite) corals of the species Porites lobata were determined from high-precision TIMS isotopic composition determinations at the University of Hawaii (Table I. Fig. 3 ). These samples came from four different cores (two each from cores MAI3-1 and MAl5-1 and one each from cores WAI6-I and WA18-3). Calculated ages fall into three groupings, which correspond to the cores from which they were sampled: corals from cores MA13-1 and MA15-1 have ages of 279. I to 279.6 ka and 223.1 to 247.0 ka, respectively; corals from the more seaward cores WAI6-1 and WA18-3 have ages of 82.8 and 96.8 ka, respectively. These sample ages confirm a Pleistocene age for this nearshore terracefreef complex. Importantly, no Holocene samples were recovered at any of the four sites.
Before interpreting these ages furtber. it is necessary to assess their relative quality and reliability. All dated corals were> 97% aragonite, which indicates that replacement by calcite has played a minimal role. Our dated corals contain between 2719 oglg and 3085 nglg U (Table I) . which is well within the range of other Hawaiian corals (e.g., 2310 to 3460 nglg for > 30 Pleistocene corals; Szabo et al. 1994) indicating that wholesale addition or loss of U, if it has occurred. has been minimal. Th!U ratios are more variable in our data set (Table I) , ranging from 1.8 X 10 ' to 2.1 X 10-4 . However, even the highest Th!U value in our sample set is well within the range of Th!U found in otherwise pristine corals from various localities worldwide.
The most stringent test of age reliability arises from a comparison of the ""Th-age-corrected 2"UI'''U (or '34UI'''U;) with that of modern seawater (activity ratios in modern sea water range from 1.146 to 1.150, or 146 to 150%, using the 8'''U convention; Chen et al. 1986 ). Modern and Holocene-age corals have 5'· 14 U; of 145 to 155%, (Bard et al. 1996a; Bard et al. 1996b , and references therein). On the basis of these results, /i2J4U; has been accepted as a "working definition" of '3O'['h-'·"U-"'U age quality, with samples having 8'''U; ranging from 145 to -150%, being considered highly reliable, those with 5'''U; ranging from 150 to 160 or 165%, being moderately reliable, and those in excess of 165%, being significantly less reliable (e.g., Szabo et al. 1994; Bard et al. I996b) . Although only three of the six corals in the present data set rigorously confonn to the "acceptable category" as just defined (samples WAI6-1SI, WAI8-3SIA, and MAI5-ISI), one additional sample (MAI5-IS2) is barely outside this range, considering its stage 7 age (Fig. 5) . The other two (pre-stage 7) samples, both from core MAl3-1, have clearly compromised 8'''U h on any measurement scale. Both of these samples contained < 3% calcite, indicating that replacement of original coral aragonite by calcite has been negligible. Therefore, possible addition of more recent submarine aragonitic cements may explain the elevated 8'''U; values.
Using the four most reliable ages of the present data set, the following chronological history can be reconstructed: The upper part of the terrace (zone 2) is constructed of materials aged 223.1 ka (highly reliable) to 247.0 MINERALOGtC COMPOSITION OF PLEtSTOCENE CARRONATES fragments. Acicular aragonite is absent from the branching-coral facies of zone I. Overall, it is not an important agent of lithification in the submerged Pleistocene limestones of Oahu. These acicular aragonite cements have an average strontium concentration of 7891 I-'glg. MgCO) content is consistently low, averaging 0.4 mole % MgCO,. The high strontium and low magnesium concentrations found in the acicnlar aragonite cements are typical of aragonite cements precipitated from normal seawater (Macintyre 1977; Macintyre and Marshall 1988) . When multiple generations of cemeut are present in intraskeletal pores in coral skeletons, syntaxial acicular aragonite is the first cement, a common relationship that has been reported at several locales (cf. Ginsburg et aJ. 1971; James et al. 1976) . Macintyre (1977) and Lighty (1985) observed that syntaxiai acicular aragonite forms just below the living tissue and surface of active skeletal accretion in corals. They concluded that its formation is probably contemporaneous with coral growth. Thus, the presence of syntaxial acicular aragonite in the massivecoral facies provides good evidence of early marine diagenesis contemporaneous with deposition. In addition, syntaxial acicular aragonite cements are in some cases engulfed in secondary, void-filling calcite spar cement, which indicates their fonnation prior to the onset of meteoric diagenesis (see Fig. 6 ).
Microcrystalline Mg calcite is the most common type of cement found in the submerged Pleistocene limestones of Oahu and is most prevalent in the massive-coral facies in zones 2 and 3. It forms coatings and crusts -10-ffl I-'m thick on grains and the walls of intraskeletal and framework cavities, and as the matrix of internal sediment. The microcrystalline coatings are commonly overgrown by a 5-10 I-'m thick fringe of clear, bladed microspar. While microcrystalline Mg calcite generally forms the first generation of cement, it also fonns coatings on previous generations of cement, such as acicular aragonite, bladed spar, and equant spar. Sharp boundaries separate cement from substrates. This, along with its distribution as linings on the walls of intragranular and intraskeletal pores, is a good indication that the microcrystalline coatings are a cement rather than a product of boring organisms. Peloids formed of Mg calcite are also common, being found mainly in protected intragranuiar, intraskeletal, and framework pores where peloids are protected from compaction and commonly form geopetal structures. Well-defined peloids (-20-ffll-'m in diameter) have a clear, dentate rim of microspar that tends to reduce interpeloidal porosity (cf. Lighty 1985; Macintyre 1985) . Bladed Mg calcite microspar is commonly present on cavity walls that contain peloidal Mg calcite.
Microcrystalline Mg calcite also forms lithified micritic crusts (Macintyr.e 1977; Marshall 1983; Macintyre and Marshall 1988) in the massivecoral facies of zones 2 and 3. The crusts are lithified deposits of microcrystalline, commonly peloidal, Mg calcite with varying amounts of internal sediment that form coatings -0.1 to 5.0 em thick on the npper surfaces of corals and associated encrusting organisms (coralline algae, foraminifera, vermetids, serpulids, etc.), in cavities in the reef framework, and over previously lithified grainstones and rudstones. The crusts generally fill intraskeletal cavities and borings at the outer edges of the corals that they coat The crusts are found in laminated and columnar forms (Fig. 6 ). Laminated crusts generally have a smooth surface, display wavy, often discontinuous laminae -0.5 to 1.0 mm thick, and may have a domal shape. Columnar crusts have an irregular, "knobby" surface, which is the expression of club-shaped protuberances -3 to 30 mm high. The knobs may be a resnlt of the differential accretion of microcrystalline or peloidal Mg calcite or in some cases the presence of buried encrusting organisms (e.g., Macintyre 1977 Macintyre , 1984 Marshall 1983) . In some instances columnar crusts may form on top of laminated crusts. In modem environments, micritic crusts develop within reef structures, generally in areas close to the reef surface and where marine cementation is particularly aclive (Macintyre and Marshall 1988; Scoffin 1993) . The micritic crusts found in the Oahu cores contain an average of 15.0 mole % MgCO) and 1321 I-'glg strontium.
Along with micrite and peloids, bladed microspar and spar is a common cement in me submerged limestones of Oahu. It is found as isopachous 
-
DtAGENETlC PROCESS AND PRODUCTS
Early Shallow-Marine Dingenesis
Evidence of early shallow-marine diagenesis is found in first-generation shallow-marine aragonite and Mg calcite cements (Fig. 6) . Aragonite is found exclusively as acicular aggregates, whereas Mg calcite is found in a variety of forms, including microcrystalline, peloidal, and bladed spar. All are common shallow-marine reef cements (Macintyre 1977; Macintyre and Marshall 1988 ) Acicular aragonite cement is relatively common in the massive-coral facies of zones 2 and 3, but is found exclusively as an intraskeletal syntaxial cement mainly in coral and less frequently in mollusk
The submerged Pleistocene carbonates of Oahu have a variable composition of aragonite, Mg calcite, and calcite (Fig. 3) . A few samples contained trace amounts of dolomite, but it is relatively unimportant compared to the other carbonate minerals. Although the average bulk mineralogic compositions of limestones in all three zones inclnde calcite, aragonite, and Mg calcite, there is a general trend of decreasing calcite content from lOne I to zone 3. Zone I limestones have a relatively uniform composition of predominantly calcite (> 60%). Limestones in zone 2 have the broadest range of compositions from uniformly calcite to a mixture of mainly aragonite and Mg calcite. Limestones in zone 3 display a more uniform composition predominantly of aragonite and Mg calcite.
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ka (less reliable), corresponding to the age of marine oxygen isotope stage 7 (Bassinot et aJ. 1994) . In contrast, samples collected at the seaward base of the terrace (zone 3) are significantly younger. Sample WA18-2S IA, collected at -27 m water depth, has an age of 96.8 ka, which corresponds to marine oxygen isotope substage 5c (97 ka, event 5.3 of Bassinot et aJ. 1994) . ""Th ages of Barbados corals suggests an age of 100.5 ka for marine oxygen isotope substage 5c (Gallup et aJ. 1994) . Sample WAI6-ISI, collected at -30 m water depth, has an age of 82.8 ka, which likely corresponds to marine oxygen isotope substage 5a (79 ka; event 5. I of Bassinot et aJ. 1994) . The age of sample WAI6-IS1 is also very similar to the "O'fh age of a substage 5a coral from Barbados (83.3 ka; Gallup et aJ. 1994) . rims coating and sometimes binding grains, but more frequently lining the walls of reef cavities and intraskeletal pores, mainly corals. Individual crystals are -5-100+ /Lm long. They generally show a gradual increase in width along their length and then have an obtuse pyramid termination. The distribution of microspar versus spar is largely a function of grain and pore size, with larger crystals lining the larger pores. Bladed Mg calcite is commonly found in close association with microcrystalline Mg calcite and may have an inner zone of microcrystalline to peloidal Mg calcite. A similar relationship has been described by James et al. (1976) and Marshall (1983) . Bladed Mg calcite cement may be produced by continued growth on the upper faces of rhombs constituting microcrystalline Mg calcite cement (Longman 1980, Pierson and Shinn 1985) .
In the zone 3 massive-coral facies, first-generation Mg calcite cements have largely retained their original composition. The microcrystalline cements contain an average of 13.3 mole % MgCO, and 802 /J-yg strontium. The peloidal carbonate contains an average of 14.4 mole % MgCO, and 916 /J-yg strontium. The bladed cements contain an average of 15.8 mole % MgCO, and 994 /J-yg strontium. These values are consistent with the expected composition of marine Mg calcite cem~ots (cf. Macintyre 1977; Macintyre and Marshall 1988) . In addition, the similarity of magnesium and strontium contents among the microcrystalline and sparry cements examined here lends additional support to a precipitate origin for the microcrystalline and peloidal Mg calcite.
The first-generation microcrystalline, peloidal and bladed cements in the zone 2 massive-coral facies have a more variable as well as lower mean MgCO, content as indicated hy both staining and microprobe analyses. Some have retained their original high MgCO, content, consistent with formation in the marine environment. Others have a low to intermediate MgCO, content. Variation and lower mean concentration of magnesium is common in marine Mg calcite cements that have been exposed to meteoric diagenesis (cf. Videtich 1985; Vollbrecht and Meischner 1996) . Thus, firstgeoeration Mg calcite cements with variable MgCO, contents probably formed prior to meteoric alteration. Additional evidence of early shallowmarine cementation is found in the fabric and trace-element geochemistry of neomorphic spar. In some instances, large neomorphic crystals replacing coral aragonite display a unique zonation with respect to magnesium and strontium (Fig. 7) . Microprobe analyses show that the part of the crystal that was formerly aragonitic coral (identified by its darker color) has an elevated strontium and low magnesium content, properties consistent with calcitization of aragonite (Sandberg 1985) . In contrast, parts of the crystal outside the original coral boundary have a relatively low strontium and intermediate magnesium content. This zone of intennediate magnesium content, with an average of 8.3 mole.% MgCO, versus an average of 2.4 mole % MgCO, in adjacent void-filling equant calcite cements, forms an isopachous rim with a vague sawtooth (bladed) outline around the coral skeleton. It is likely that the coral originally had a lining of bladed Mg calcite spar, a product of early marine cementation, prior to the onset of meteoric diagenesis and neomorphic replacement. The delicate replacement process of calcitization presumably took place via a very thin film such that a single crystal could replace both aragonitic coral and fringing Mg calcite cement, while preserving relic structures as well as the original relative distributions of trace elements. Other calcitized corals have a dark micritic coating that is enriched in magnesium relative to secondary voidfilling calcite spar cement and probably represents an early-marine microcrystalline cement (Fig. 8) .
In contrast to the massive-coral facies, the branching-coral facies of zone 1 contains very little evidence of early marine cementation. These limestones are supported by a lime-mud matrix. Micritization appears to be the dominant early marine process in the branching-coral facies, where up to 20% of skeletal grains may be micritized. Generally grains are initially bored around the margins and the holes filled with microcrystalline sediment or cement creating a micrite envelope. Micritized grains may also be a result of syndepositional recrystallization of skeletal carbonate to equant micritic fabrics (Reid et al. 1992 ; Reid 1995, 1998) . Micritization of grains takes place in nearly all shallow-marine carbonate selrings but is most common in lower-energy settings, where there is little sediment movement. The abundance of micritized grains in the branching-coral facies is consistent with a low·energy environment of deposition.
Subaerial Exposure and Meteoric Diagenesis
During periods of emergence, limestones of the nearshore submarine terrace underwent the meteoric processes of cementation by calcite, neomorphism, and dissolution. Meteoric alteration is patchy on all scales, and there is a range of preservation of original skeletal components from seemingly pristine to completely altered. The zones I and 2 limestones display more evidence of meteoric alteration than the younger limestones of zone 3. The zone 2 massive-coral facies displays a broader range of preservation than the adjacent branching-coral facies of zone I, which is more completely and uniformly altered.
Meteorically derived calcite forms needle fibers, anastomosing micritic networks (alveolar texture), and equant calcite (Fig. 9) . Calcite needle fibers (James 1972; McKee and Ward 1983) form random and tangential fabrics occupying intragranular and intergranular voids. Tangential needle fibers are indicative of caliche facies. Random calcite needle fibers are common in caliche profiles and the upper parts of karst profiles and are good indicators of vadose-zone diagenesis. The needle-fiber calcite examined contains an average of 2.3 mole % MgCO,. This value is consistent with precipitation in a meteoric environment. Anastomosing micritic networks and clotted micrite are found in close association with the calcite needle fibers. In some instances the anastomosing networks are actually composed of tangential needle fibers coated by microcrystalline to finely crystalline calcite. The close association of needle fibers, alveolar texture, and clotted micrite is a good indication of subaerial exposure and vadose diagenesis (Esteban and K1appa 1983; Bain and Foos 1993).
In addition to carbonate products, red, iron-rich, noncarbonate clays are incorporated into the limestones and form void and grain coatings (Fig. 9) . Reddish-brown discoloration of submarine host sediment is discernible at macroscopic and microscopic scales. Whittle et al. 1993 ). In the terrace limestones of Oahu equant calcite has a patchy distribution. It is most prevalent in samples from zones I and 2, the upper/older parts of the terrace, where it is found mainly as a drusy, void-filling cement with crystal sizes ranging from 5 to 150 IJ.ffi (Fig. 9) . Interparticle equant cements are rare and typically form a meniscus texture (Dunham 1971) . The equant calcite cements studied contain an average of 2.3 mole % MgCO, and 1029 /J-yg strontium. The distribution, fabric, and composition of these equant cements are consistent with formation in a meteoric vadose setting. In the cored Pleistocene limestones neomorphism is largely restricted to zones 1 and 2, with over 50% of samples from these zones displaying evidence of neomorphism. Calcitization of aragonitic coral skeletons has resulted in replacement of their original skeletal microstructure by a mosaic of calcite spar (Figs. 7, 8) . Although the original spherulitic fascicle fabric is destroyed, the outline of the coral skeletons is clearly discernible as a dark line and residual organic matter imparts a darkened (brownish) appearance to the originally skeletal neomorphic spar (cf. Pingitore 1976; Sandberg 1985) . Adjacent pore-filling equant calcite cements are generally clear. The altered corals display fabric-selective mosaics, in which the individual calcite crystals in the original coral skeleton rarely extend beyond the original coral boundaries into void-filling cement (see Fig. 8 ) and, thus, are controlled by the original skeletal architecture. Pingitore (1976) has shown that corals altered in the vadose zone exhibit fabric-selective calcite mosaics. The replacement mechartism was presumably via a very thin film of ftuid.
Mg calcite skeletal grains, such as coralline algae, have largely retained their skeletal microstructure (at the level of petrographiC microscope examination). However, staining and microprobe analyses indicate that they have lost Mg'+ and are now composed of calcite. Loss of Mg2+ may be a result of repetitive intracrystal incongruent dissolution-precipitation in a meteoric environment, as proposed for similarly altered porcelaneous foraminifera by Budd and Hiatt (1993) . Aggrading neomorphism of lime-mud matrix is evident as irregular patches of neomorphic calcite microspar found within the matrix. Neomorphism in the submerged Pleistocene limestones of Oahu is patchy both within and between cores. The patchy distribution of neomorphic fabrics along with the fabric-selective calcite mosaics in altered corals is consistent with neomorphism occurring in the meteoric vadose lone.
Dissolution is most evident in limestones from zones I and 2 and is visible on both macroscopic and microscopic scales (Fig. 10) . Aragonitic mollusk and coral grains are preferentially dissolved, leaving behind moldic pores. On a macroscopic scale these external molds retain an impression of the surface form of the dissolved coral or mollusk. In some cases a mollusk shell has been filled by lime mud that became lithified. Later, the mollusk dissolved away, leaving behind a steinkem (internal cast). In thin section. moldie pores occur as voids within a lime-mud matrix or as hollow micrite envelopes. These moldic pores are in some cases filled by porefilling calcite cement. However, even the pore-filling cements in some cases show evidence of later solution. Non-fabric-selective dissolution has created vugs, especially in well-lithified lime mud.
Post-Meteoric Shallow-Marine Diagenesis
Evidence of marine diagenesis that took place after subaerial exposure is found in last-generation highly unstable Mg calcite cements and internal sediments found in limestones that have otherwise been almost wholly stabilized to calcite. Post-meteoric marine diagenesis (Fig. I I) is most evident in lOne I and 2 limestones. While large parts of these limestones have been stabilized to calcite. solutional voids are commonly lined by Ihick (up 10 300 /Lm) isopachous rims of bladed Mg calcite spar and/or contain Mg calcile-rich internal sediment. These Ihick bladed rims are commonly composed of a series of partial spherulites or splays nuclealed at points along the subslrate (cf. James and Ginsburg 1979) . This nticroslructure creates a manunilated surface (millimeter·size mammelons) visible in hand sample (see Fig. II ). Isopachous rims of bladed Mg calcite also occur on calcitized coral skeletons in which original skeletal microstructure has been entirely replaced by a mosaic of neomorphic calcite spar. The Mg calcite cements and inlernaJ sediments appear to be in pristine condition, i.e., they have retained unifonn high-magnesium contents and show no evidence of solution or meteoric alteration. tn contrast, first-generation early marine cements have highly variable magnesium contents. umerous sludies (see Bischoff et aI. 1993; Morse and Mackenzie 1990; and references Iherein) have demonstrated that, in general, Ihe firsl diagenetic event to take place in the meteoric regime is the loss of magnesium from highly chemically reaclive Mg calcites (those with> 12 mole % MgCO,). This evenl is then followed by Ihe gradual disappearance of aragonite and replacement by calcile. It has been demonstrated thaI bolh of these meteoric diagenetic events have taken place in the zones I and 2 limestones. The last-generation Mg calcite cements contain an average of -IS mole % MgCO,. Experimental data indicate Ihat magnesian calcite wilh > 12 mole % MgCO, is less stable than aragonile as well as calcites Wilh lower magnesium contents (Walter 1985) . Thus, il is reasonable to conclude lhat last-generation Mg calcile cements (those with > 12 mole % MgCO,) were formed after stabilization of lhe surrounding limestone to calcile. It is possible lhat all Mg calcite cements were formed prior to subaerial exposure and thaI some of these were simply nOI altered in the meteoric environment. The solubility of Mg calcite is controlled nOl only by magnesium content bUI also by other chemical and physical properties of the solid (Bischoff el aI. 1993) . However, there is abundant evidence of aheration (Mg2+ loss) of first-generation Mg calcite cemenls (Fig. 7) as well as Mg calcite skeletal grains (Fig. 11) . It is only lhe last-generation pore-lining cements that have retained a uniform Mg calcite composilion. It is also possible that the cements were stabilized withoul a loss of magnesium. However, evidence of this is very rare in the rock record (Bischoff el al. 1993). Therefore. last-generation Mg calcite cements and internal sediments !.hat occur directly on limestone substrates that have otherwise been almost wholly stabilized to calcite provide ",'idence of marine diagenesis following subaerial exposure and meteoric diagenesis. It is unlikely Ihat all of the Mg calcite and aragonite in the surrounding rock would have stabilized to calcite while leaving just last-generation, pore-lining, highly chemically reactive Mg calcite cements (both sparry and microcrystalline) unaffected. The pristine condition of these cements suggests that they have not been exposed to a meteoric environment. Thus, they most probably represent recenl marine diagenesis that has occurred following the resubmergence of the nearshore terrace during the last deglaciation.
DIAGENESIS OF PLEISTOCENE CARBONATES
I--+-
DISCUSSION
Although Quaternary carbonates form an important component of the subaerial and nearshore geology of Oahu, relatively little is known aboul the timing and nature of formation of much of this record. Deep cores taken on the Ewa Plain (Stearns and Chamberlain 1967) contain a record of atleaSl eighltransgressivelregressive cycles (Resig 1969) . These cycles, however. have never been fully correlated with the marine oxygen isotope record. Emerged limestones such as the Waimanalo Formation, which reaches elevations as high as + 12.5 m, have been correlated wilh marine oxygen isotope substage 5e (Ku el al. 1974; Szabo et al. 1994) . The Kaena Fornlation, reaching +30 m, has been correlated with marine oxygen isotope S1ages 13 or 15 (Szabo et al. 1994) . A record of Holocene reef growth in Hananma Bay was described by Easton and Olson (1976) . Emerged Holocene marine deposits have been described by Fletcher and Jones (1996) . This represents our state of knowledge of Quaternary carbonate deposition on Oahu. Thus, a large part of the Quaternary has not been clearly identified in the S1ratigraphy of Oahu, namely the periods between deposition of the Kaena and Waimanalo Formations (-500 ka to -125 ka, including marine oxygen isotope stages II, 9, and 7), and Ihe Waimanalo Fornlalion and Holocene deposits (-125 ka to -7 ka, including marine oxygen isotope S1ages 5c, Sa. and 3) (Fig. 12) . Cores taken at Waimanalo (Lum and Stearns 1970) indicate Ihat a thick, subaerial eolianite separates the Kaena and Waimanalo Formations. At Barbers Point an unconformity spanning perhaps 400 thousand years separates these units (Shernlan et al. 1993 ) (Tahle 2). The limited number of Th-U ages presented here of fossil corals from the nearshore terrace of Oahu indicates that much of the "missing record" may be found in the nearshore sul>-marine terraces of Oahu.
The shoreward zonation of facies is consistent with the expected zonation of facies in a marginal reef complex (cf. Longman 1981; James and Bourque 1992) , suggesting that the massive-coral facies acted as a banier creating a protected, back-reef setting where the branching-coral facies was deposited. Thus, the nearshore terrace of Oahu represents an ill situ fossil mature reef complex.
Th-U ages of fossil corals and the similarity of diagenetic history (i.e., suggesting a similarity in age) among adjacent limestones suggest that the fossil reef complex was formed during marine oxygen isotope stage 7. However. lower parts of Ihe seaward front of Ihe terrace, zone 3. yield Th-U ages that correlate with marine oxygen isotope substages Sa and 5c. The broad range of ages found indicate the complexity of the internal structure of the terrace, reflecting stages of accretion during several interglacial highstands. We suggest that most of the terrace is composed of an ill 5;111 stage 7 reef complex. Laler, substage 5c and substage Sa accretion occurred along Ihe deep seaward margin of the terrace, while Ihe upper parts of the terrace remained subaerial (Fig. 13) . Additional coring and radiometric age dating, currently underway, will help to better determine the internal stratigraphy and timing of terrace formal ion.
Extensive early marine cementation in the zone 2 (stage 7) massive-coral facies is consistent with its fonnation in a high-energy environment. Marine cementation is favored and, thus, most pervasive, near the sediment-water interface in high-energy environments, where water can be flushed through Ihe porous structure of the reef (Macintyre 1977) . Tucker and Wrighl (1990) refer to Ihis as the active marine phreatic zone. The lack of early marine cementation and dominance of micritization in the branching-coral facies is consistent with its deposition in a low-energy back-reef environment. The lack of early marine cementation may be explained by lower rates of seawater being flushed through Ihe sediments, because of its deposition in a relatively low-energy environment, and the lower permeability of the lime-mud matrix. Tucker and Wright (1990) Thin section, crossed polars. 8) Microprobe traverse of MgCO) (filled circles) and Sr (filled squares) across algal grain and isopachous rim of bladed spar (A to A'). Coralline algae is originally composed of Mg calcite. However. microprobe analyses show that this grain has lost Mgh to solUlion in a meteoric environment and is now composed of calcite Cavg. content. 3.8 mole % MgCO). In contrast the isopachous rim of bladed spar is composed of Mg calcite (a\'g. content. 15.7 mole % MgCO,). Sf is more variable but has a somewhat lower average concentration (808 p..g/g) in lhe algal grain lhan in the cement (955 J-lg/g). These data suggest that following deposition this unit was emerged above sea levcl and undef\\'ent mcteoric diagenesis (e.g.. leaching of Mg2+). This was followed by submergence and precipitation of post-meteoric marine cements. During periods of emergence meteoric alteration of limestones occurred in the meteoric vadose lone. There is no conclusive evidence that these limeslones were exposed to a meteoric phreatic environment. Allhough the zones I and 2, slage 7, limestones likely underwent two complete cycles of emergence and submergence (Fig. 13) , mulliple generations of meteoric cements were not observed. Thus, the diagenetic record in these limestones appears to be incomplete.
Post·meteoric marine cementation in the branching-coral facies is more eXlensive than early marine cementation. This implies a change in diagenetic environment from slagnant marine phreatic, during deposition of the branching-coral facies. to the present active marine phreatic environment favoring marine cementation. During periods of emergence, Ihe branchingcoral facies was lithified and stabilized to calcite in a meteoric environment and underwem partial solution and creation of vug and channel porosity. Upon submergence into the marine eovironment, it appears that the slable, lilhified substrate along with conduit or channel-Iype porosity has led to high flow rates induced by channelized seawaler. This, in tum, resulted in precipitation of thick (up to 300 !Lm), isopachous rims of bladed Mg calcile spar lining the walls of large voids (cf. McCullough and Land 1992) . In some instances, voids are lined or partially filled by a combination of micritic crusts and internal sediments. Their association with cavities again suggests that enhanced flow probably occurred and was an important aspect of their formation. During coring operations, the aUlhors noled that wave energy was capable of moving large volumes of water through the fossil reef substrate.
The general trend of decreasing mineralogic stabilization (decreasing calcite coment) from zones I Ihrough 3 is consistent with the T1I-U ages of fossil corals from these deposits, i.e., less mineralogic slabilization in Ihe younger limestones. However, the bulk mineralogy of some samples can be deceiving, because posl-meteoric marine cementation may produce a mineralogically "rejuvenaled" limestone. This appears to be the case in the zone I limestones, where much of Ihe Mg calcite detected in XRD analyses probably reflects last-generation, post-meteoric, shallow-marine cements and internal sediments. Most of the components of these limestones, including mixed skeletal grains and lime mud matrix, are composed of calcite. Therefore, it is important to examine the mineralogic composi· lion of the original skeletal components as well as cement generations to determine the diagenetic history of a limestone.
One interesting outcome of this research lies in what was not found. In 24 separate cores covering -10 kIn of coastline and ranging between water depths of -5.5 and 35 m, no evidence of Holocene accretion was found. Rather, the seafloor is undergoing extensive biological and physical erosion. Signatures of subaerial exposure and meteoric diagenesis are recognized in the upper several centimeters of all cores. Thus, the present seafloor in the study area represents a flooded Pleistocene subaerial exposure surface. Holocene accrelion is limiled to sparse patches of coral and coralline-algal growth. Holocene reef accretion in Hawaii appears to be largely limited by wave forces (Dollar 1982 : Grigg 1983 Dollar and Tribble 1993) . Episodic destruction of coral communities by storms and openocean swell and the removal of carbonate material from nearshore reef zones prevents cementation, lithification, and reef accretion (Dollar and Tribble 1993) . Why extensive and thick reef sequences along this coast were able to develop during the Pleistocene but not during the Holocene remains a question for future research.
CONCI.UStONS (I) All limestones found in cores from a nearshore terrace on Oahu are typical of shallow-marine, reef environments and comprise either a branching-coral or massive-coral facies. The shoreward zonation of facies 
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suggests that the nearshore terrace represents an ill ..itu, fossil mature reef complex, (2) Th-U ages of ill ..illl corals indicate thai the nearshore terrace is Pleistocene in age. Most of the terrace is composed of a fossil reef complex formed during marine oxygen isotope slage 7. Later accretion along the seaward front of the terrace occurred during marine oxygen isotope substages Sa and/or 5c. No Holocene limestones were recovered. The present seafloor in the study area represents a Pleistocene subaerial exposure surface. ' (3) There is a general trend of increasing mineralogic stabilization of limestones, as determined by XRD, wilh increasing absolute age as determined by Th-U techniques. The present mineralogic composition of the limestones is a reflection of their original skeletal composition and early marine cementation, meteoric alteration and cementation, and post-meteoric marine cementation that followed their submergence during the lasl deglaciation.
(4) Early marine diagenesis is most prevalent in the marginal high-energy massive-coral facies. The low-energy branching-coral facies displays little evidence of early marine cementation. Post-meteoric marine cementation is evident in all lithofacies and reflects recent processes operating since the laSI deglaciation in an active marine phreatic environment.
